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Abstract 
Monolithic components are commonly used in the aeronautical industry due to their homogeneity and excellent strength-to-
weight-ratio: ribs, stringers, spars, and bulkheads can be mentioned as examples. In order to assure enough stiffness to the whole 
component, monolithic parts are often made of thin walls, and webs, obtained usually starting from a raw block of material and 
removing up to 95% of the weight of the initial block. Therefore, increasing the removal rate as much as possible is the main 
condition to reach high productivity. The drawback is that, at high removal rate conditions (high feed, large depth of cut), the low 
stiffness of the thin walls causes dynamic problems, due to the forced vibrations induced by the milling process: even in case of a 
stable cutting process, vibrations appear as the result of the combination between the tool and workpiece natural frequencies, 
excited by the tooth-passing frequency harmonics. This paper presents an overview of a comprehensive milling process plan 
approach, based on finite element method (FEM), which by considering the effects of fixturing, tooltip dynamics, and material 
removal, allows to define the optimized cutting velocity in order to reduce deflections and vibrations during machining. The 
advantages of the proposed model over previous works are: (i) it provides a seamless interface to import the G-code generated by 
a CAM packages; (ii) it performs a computationally efficient modal superposition frequency response analysis of complex 
workpieces, considering the tooltip position provided by CAM; (iii) it predicts the workpiece non-linear behaviour during 
machining due to its changing geometry; (iv) it automatically tunes spindle speed continuously along the toolpath, taking into 
account both the tooltip dynamics and the local workpiece modal behaviour. The effectiveness of the proposed approach has 
been experimentally validated. 
© 2014 The Authors. Published by Elsevier B.V.
Selection and peer review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High P rformance Cutting. 
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1. Introduction 
In the course of the global energy debate and decreasing 
raw material deposits, lightweight constructions are becoming 
more important for many industries like power generation, 
aerospace, automotive and medical technology. To assure 
enough stiffness to the whole component and achieve the 
required weight reductions, thin-walled structures are 
normally obtained from monolithic parts. Moreover 
monolithic parts allow to reduce part cycle time by creating 
one-piece flow, and provide extensive improvements in part 
accuracy and quality: the dramatic difference in consistency 
between a riveted and a machined part cannot be argued, so as 
the benefits obtained removing the time-consuming multiple-
part manufacturing, including laborious setup on different 
machines, and riveting pieces together into a finished 
component.  
Due to its precision and flexibility, multi-axis milling is the 
key technology for manufacturing thin-walled work pieces. 
To achieve complex part geometries, with straight, thin, 
and flat walls, up to 95% of the weight of the initial block 
have to be removed [1]. Therefore, increasing the material 
removal rate (MRR) as much as possible is the main condition 
to reach high productivity. The drawback is that, at high 
removal rate conditions (high feed, large depth of cut), the 
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low stiffness of the thin walls causes dynamic problems, due 
to the forced vibrations induced by the milling process: 
resonance vibrations with large amplitudes could lead to form 
errors of the workpiece, poor surface quality, and significant 
tool and work piece loads. In extreme cases vibrations could 
destroy the tool or the workpiece. 
Chatter vibrations have been extensively studied, being the 
origin of large and devastating relative displacement between 
tool and workpiece [2-3]. Mainly two approaches have been 
developed to avoid such occurrence: selection of proper 
cutting parameters [4] and fixturing solutions [5]. In reference 
to fixturing approaches, both passive and active damping 
solutions have been studied [6-7]: active damping solutions, 
in spite of their ability to cover wide bandwidths, seems not 
be a viable solution, due to the complexity when 
implementing them in real industrial environments; passive 
damping solutions instead present easy adaptability and 
simplicity in usage, which make it really attractive in a wide 
range of industrial cases [8]. Despite its potential capability, 
fixture approach requires additional laborious setup of the 
workpiece, decreasing productivity. 
The more practical approach remains define proper cutting 
parameters, but the application of stability lobes becomes 
difficult when machining thin-walled complex component, 
because of the continuous modification of the modal behavior 
of the workpiece, due to the material removal, amplified by 
the high height to thickness ratio. Moreover, even when such 
vibrations do not reach the level at which the chattering is 
audible or chatter marks occur, the combination between the 
tool and workpiece natural frequencies, excited by the tooth-
passing frequency harmonics, could dramatically reduce the 
accuracy of machined parts and shorten tool life. 
Previous studies on thin wall milling mostly focused on 
stability analysis. Little research on the dynamics of thin 
casing machining and the interaction of tool and workpiece is 
reported. Ratchev [9] reports on an advanced error prediction 
and compensation strategy specifically focused on force-
induced errors in machining of thin-walled structures, even if 
simple single pass peripheral milling operations on thin-
walled workpieces were simulated using Finite Element 
Method (FEM). Budak [10] studied the peripheral milling of 
very flexible, cantilevered plates with slender end mills, 
taking into account partial separation of tool and plate 
structures due to static displacements. Rai and 
Xirouchakis [11] developed a comprehensive FEM based 
process plan verification model for milling process, able to 
take into account the effects of fixturing, operation sequence, 
tool path and cutting parameters, and predict thin wall 
deflections and elastic-plastic deformations during machining, 
but workpiece vibrations were not considered. Recently, 
Bolsunovskiy et al. [12] demonstrate the possibility to lower 
vibration amplitudes, achieving required surface roughness, 
just tuning spindle speed in such a way, that workpiece 
natural frequencies differs from tooth-passing frequency 
harmonics. To estimate evolution of natural frequencies and 
mode shapes of the workpiece during the milling process, 
they considered widespread finite element simulations, 
manually changing the geometry of the workpiece, according 
to the stock removal. 
The aim of the presented study was to develop a hybrid 
experimental-FE based model, able to continuously select 
proper feed and spindle speed along the toolpath, in order to 
minimize the relative displacement between tool and 
workpiece, improving the accuracy of complex thin walled 
milled parts. 
In this paper a general overview of the proposed approach 
is presented, and its application to a cantilevered thin wall 
component is shown, mainly focused on the roughing milling 
process.  
 
2. Thin wall machining strategies 
For thin walled parts, maintaining dimensional accuracy 
and straightness can be difficult to reach, because of their low 
stiffness. Although multiple factors contribute to the accuracy 
of the process, some simple guidelines could be taken into 
account. Use of High Speed Milling (HSM), i.e., small 
radial/axial depth of cut and high cutting speed, facilitates 
milling of thin walls, as reduce the time of tool engagement 
and consequently, the impulsive forces and the 
deflection [13]. Increasing the number of flutes on the tool 
can smooth out forces on flexible part walls: depending on the 
engagement angle of the cutter, the more flutes, the more are 
those engaged on the part, which helps stabilize milling. 
Higher helix tools help too, because they pull up on the part, 
which keeps it in tension and reduces its tendency to chatter. 
Tool should be as stiff as possible, maintaining the capability 
to reach the desired depth: a necked-down tooling has to be 
used when reaching >3x dia. depths, in order to avoid rubbing 
on the machined wall. Down milling should be applied.  
Machining strategies for thin wall sections vary, depending 
on height and thickness of the wall. A “stepped down” 
approach, dividing the total height to manageable depths and 
alternately milling each side, is highly recommended. This is 
in coherence with the principle of letting the unmachined part 
of the workpiece support the section being cut [14]. 
The number of passes is normally determined by the height 
to thickness ratio and the axial depth of cut. For medium 
height to thickness ratio (< 30:1) a “waterline” path approach 
could be used alternating sides during machining to given 
depths, in non-overlapping passes. For high height to 
thickness ratio (> 30:1) it is better to use the “Christmas tree” 
routine, in order to support the thinner section at the point 
being machined, by thicker section below. To provide a better 
support a similar approach, but with an overlap between 
passes on opposite sides of the wall sometimes is preferable 
(Fig. 1).  
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Fig. 1. Different machining strategies for thin walled parts. 
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The number of passes will depend upon the particular 
application, material/hardness and final wall thickness/height. 
For every step the axial depth of cut can be chosen according 
to the so-called 4:1 rule: the maximum axial depth of cut 
should be no greater than 4 times the remaining thickness of 
the wall adjacent to the cut. A progressive radial depth of cut 
strategy is of equal importance.  
In most cases an allowance on both sides is normally left 
for subsequent finishing (0.2 – 1.0 mm), even if alternating 
roughing and finishing passes for a given depth of cut could 
improve surface quality.   
 
3. Proposed Finite Element approach 
The dominant frequencies on a thin-walled parts during 
milling depend on the stock of the removed material (e.g., 
radial depth ae in peripheral milling): (i) for smaller ae values, 
tool natural frequency dominate during contact of cutting 
tooth, while workpiece fundamental modes dominate during 
non-contact period; (ii) for higher ae values, the tool natural 
frequency is dominant. Therefore, in milling thin-walled 
parts, not only the workpiece resonant vibrations, but also 
imposed tool’s resonant vibration needs to be minimized [15].  
If tool and workpiece natural frequencies are known for 
each position along the toolpath, it is possible to continuously 
select the proper spindle speed, preventing resonance of both 
tool and workpiece, or able to minimize their relative 
displacement. The main problem of this approach is that 
during the machining process, the modal behavior of the 
machined part evolves according to the tool position and the 
removal of material. In order to predict this evolution, Finite 
Element Analysis (FEA), widely and proficiently applied in 
many different engineering research fields [16-17], has been 
used. Actually FEA was originally developed to solve 
complex elasticity and structural analysis problems in civil 
and aeronautical engineering. Moreover thin walled 
components are characterized by moderately low natural 
frequency, typically below the 8000 Hz, and normally just the 
first one/two vibrational modes are enough to correctly 
describe the dynamic behavior of the entire component. Then 
a coarse mesh of the thin wall could be used, which allows 
obtaining the FRFs at the cutting point very quickly (about 
30 sec on a PC). 
The basic idea of the proposed approach is then to 
automatically calculate workpiece natural frequencies and 
their changing during machining process using Finite Element 
Modeling. To reach this result, an algorithm has been 
implemented in Matlab® environment. FE analyses have been 
performed using MD Nastran®. The functional flow of the 
system comprises the following steps: 
 
1. The toolpath generated by a conventional CAM packages 
is imported by the G-code file; 
2. The FE models of both the finished and stock parts are 
acquired and processed in order to simplify the 
subsequent computation modules; 
3. For each position of the tool along the toolpath the brick 
element of the stock closer to the tool is evaluated; an 
additional node is then connected with the other nodes of 
the element by means of a multi point constraint (RBE3 
element) in order to redistribute the cutting force on the 
entire cutting zone; 
4. The stock elements already processed are deleted, and a 
new file is written for the further analysis. 
5. A modal frequency response solution (SOL 111) is then 
performed, in order to reduce the computational time 
required to obtain the FRFs at the cutting point. 
 
At the end of the simulation process, it is possible to 
evaluate the evolution of the workpiece modal behavior along 
the prescribed toolpath due to the material removal. The 
workpiece FRFs numerically evaluated, could be then used 
together with the FRFs measured at the tooltip, in order to 
evaluate proper spindle speed, according to the Objective 
Function (OF) considered. 
In Fig. 2 a numerical application of the proposed approach 
to the finishing process of a simple thin walled part is shown. 
 
 
Fig. 2. FE based approach proposed. 
In order to simplify the assembly of the two different FE 
models, an advanced approach that make use of glued 
contacts has been considered, allowing the usage of different 
mesh sizes for the finished and the stock parts. At this stage of 
the research a weighted mean of the responses corresponding 
to the tooth-pass frequency and its first 4 harmonics has been 
considered as OF. The displacements corresponding to a 
unitary force have been taken as weight. 
4. Experimental setup and preliminary tests 
Experimental verification of the proposed approach has 
been carried out on a thin wall open geometry as cantilever of 
1 mm thick aluminum workpiece overhanging for a length of 
24 mm, using a Mori Seiki NMV1500DCG, a vertical CNC 
milling machine with high-speed spindle. The material used 
for the machining tests was an Aluminum 6082-T4 alloy, 
experimentally characterized by the authors [18] in a previous 
work: the values of 70.953 GPa for the Young modulus, and 
0.33 for the Poisson ratio have been used for the numerical 
simulations. The density (2694.3 kg/m3) was determined from 
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specimen volume and mass. To this aim a precision digital 
balance that was accurate to one-hundredth of a gram was 
used.  
Workpiece was a bar (60x60x150 mm) rigidly clamped to 
a three-component Kistler dynamometer (type 9254A), 
mounted on the rotary table (Fig. 3b). The coordinates system 
was set to level force sensor surfaces (Fig 3a).  
 
Fig. 3. (a) test set-up; (b) workpiece.  
LMS Scadas III frontend and LMS Testlab 11A software 
were used to acquire signals. 
Workpiece was preliminarily conventionally milled in 
order to obtain two cantilevered shaped thin wall, 6 mm thick: 
the former was milled using the 4:1 rule described in the 
previous section, using the recommended cutting parameters 
provided by the tool manufacturer; the latter modifying 
spindle speed and feed according to the proposed approach 
(Fig.4). 
 
 
Fig. 4. Test case geometry after preliminary operations. 
In order to increase the flexibility of the overall system, 
tool was chosen with a very long overhang: An ISCAR Multi-
Master shank (mm-S-A-L0110-C08-T05-C) was mounted on 
a HSK32ER16 tool-holder with an overhang of 86.6 mm. An 
interchangeable solid carbide rough milling head (mm-
ERA080B05R0.2-3T05) with 3 flute, regular pitch and helix 
angle, and 8 mm diameter was selected. According to the 
manufacturer the maximum depth of cut allowed was 4.8 mm, 
with a cutting speed of 824 m/min, corresponding to a spindle 
speed of 32797 rpm; and a feed per tooth recommended of 
0.03 mm/tooth, corresponding to a feed of 2952 mm/min. Dry 
cutting condition was considered. 
To identify machine tool dynamics an impact modal test 
non-rotating spindle was conducted at the tooltip of the tool 
using a Brüel & Kjær Type 8202 impulse hammer. In HSM 
tooltip FRFs are not dependent by axis position in the 
workspace [19], being machine tool modal behavior in the 
high frequency range, mainly influenced by the tool-
toolholder-spindle system. The results of the experimental 
characterization are presented in Fig. 5. 
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Fig. 5. Experimental tooltip FRF. 
Diversely at high speed, tooltip dynamics could change 
because of influence of gyroscopic effects and centrifugal 
forces. This aspect has been widely studied in literature [20-
21] leading to conflicting results. Considering the difficulty of 
identifying experimentally rotating spindle FRFs these studies 
are focused mainly on FE modeling of spindle under 
operational condition, but the experimental research carried 
out by Rantalo [22] by means of a contactless dynamic 
spindle-testing (CDST) instrument, has shows just a slight 
differences on natural frequencies between the FRFs acquired 
with stationary and rotating spindle. For the exposed reasons 
the dependence of tooltip FRFs by axis position and spindle 
speed has been not considered in this work. 
 
5. Selection of test case milling strategy 
For both the cantilevered thin wall parts, the stock material 
was removed considering three progressive radial depth of 
cut: i) a first roughing pass of 1.2 mm; ii) a second roughing 
step of 0.8 mm; iii) the final roughing phase of 0.5 mm. No 
allowance was left for subsequent finishing, because the end 
mill selected for the test was not the right one to obtain 
appreciable surface quality: the aim of the test was just to 
verify the capabilities of the proposed approach in terms of 
form errors. 
Consequently the axial depths of cut were evaluated 
according to the 4:1 rule. Then eight different cutting 
conditions were considered (Fig.6). 
 
 
Fig. 6. Test case machining strategy considered. 
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6. Finite element model of workpiece 
In order to apply the proposed method two different FE 
models are needed: the finished and the stock component. The 
mesh size of these two models could be different. 
Finite element accuracy is strongly affected by reliability 
of data entries, i.e., mechanical characteristics of the material; 
and mesh size. The mesh size of the finished part was 
obtained by convergence analysis. In order to take into 
account the local stiffness, and to avoid errors due to wrong 
boundary conditions, a large part of the workpiece was 
meshed, as shown in Fig. 7, in which finished part and stock 
component are highlighted with different colors. 
 
 
Fig. 7. Finite element model of the test case.  
The prediction accuracy of the model was validated 
experimentally considering two different impact tests, 
performed at different stages of the cutting process: i) after 
the preliminary milling phase necessary to obtain the 
geometry of the test cases, with a 6 mm thick wall (fig. 8); 
and ii) after the cutting tests, with a nominal thin wall of 1 
mm. The numerical simulations were performed taking into 
account the mass loading due to the presence of the 
accelerometer, which, despite the low weight (0.4 gr), could 
dramatically affect the measurements because of the high 
flexibility of the workpiece. The obtained numerical and 
experimental results were found in good agreement, as shown 
in Fig. 8 and 9. 
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Fig. 8. Experimental and numerical FRFs for the 6 mm thick wall. 
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Fig. 9. Experimental and numerical FRFs for the 1 mm thick wall.  
7. Experimental validation 
To quantify the dimension deviation of thin-walled parts, 
the produced parts were scanned by a Computer Measure 
Machine (CMM) and subsequently compared with the CAD 
model. The comparison in the color deviation maps presented 
in Fig. 10 and 11 provides clear information on real 
dimension deviation.  
 
Fig. 10. Color deviation map for the conventionally milled part. 
 
Fig. 11. Color deviation map for the part milled according to the proposed 
approach.  
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Presence of chatter mark was not revealed by the visual 
inspection of the milled surfaces, despite high dynamic effect 
could be noticed: both the milled surfaces present great 
horizontal marks, correlated to the axial depth of cut used, 
which could be probably ascribed to the low stiffness of the 
tool.  
Although no remarkable differences may be noticed 
between the machined surfaces in terms of surface texture, the 
workpiece machined according to the proposed approach 
present a better geometric tolerance: despite the high surface 
roughness, and the flatness, which is approximately the same 
for both, the overall deviation from the nominal surface is 
globally smaller for the part milled taking into account the 
local dynamic stiffness, which change according to the tool 
position, and the material removal 
 
8. Conclusions 
The paper proposes an overall structure for a novel 
simulation approach for thin-wall milling process, able to take 
into account the flexibility of both workpiece and tool, and the 
evolution of the workpiece modal behavior related to the 
material removal. To reach this target, a coupled experimental 
finite element method has been developed.  
Experimental validation has shown just a slight increased 
accuracy of the milled surfaces, which are nearest to the target 
ones; nevertheless more accurate results, could be obtained 
considering a stiffer tool, and introducing tooltip speed-
varying FRFs, not considered in this work. Moreover 
continuously changing spindle speed has the same benefic 
effect on Chatter stability as the well-known Spindle Speed 
Variation (SSV) approach, widely studied in literature. 
Obviously, the nature of the proposed approach, based on 
FEA, allows also including non-linear effects like to apply 
workpiece initial residual stress data, if available, for 
analyzing its contribution in the part deformations. At the 
same time the proposed approach could be integrated with the 
hybrid numerical-analytical approach for uncut chip cross-
sectional area calculation developed by the authors [23], with 
the aim to obtain a more realistic milling simulator. 
Despite a more in deep experimental validation should be 
performed, the proposed approach seems to be really 
promising. 
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